The present study investigated the range of age-related changes in brain morphology and the relation with performance on memory and other cognitive tests in a healthy population. A group of 61 subjects (21 to 81 years old, mean ϭ 55.7), free from cognitive and medical deficits, underwent MRI scanning and neuropsychological assessment encompassing memory and other cognitive tests. Volumetry of the hippocampus, parahippocampal gyrus, mamillary bodies, third ventricle, and total brain matter was performed. The results indicate that in healthy individuals increases in ventricular volume and volume decreases in total brain matter, hippocampus and parahippocampal gyrus, but not mamillary bodies, are clearly apparent with increasing age. However, no relation could be established between the brain volumes and test performance when controlling for the effects of age. To conclude, variations in total and limbic brain volumes do not seem predictive for cognitive performance independent of age.
Introduction
Because the proportion of elderly people has increased considerably during the last century, there is growing interest in normal and pathological changes associated with the aging process. Neuroimaging techniques such as computed tomography (CT) and magnetic resonance imaging (MRI) have substantiated the findings from postmortem studies (see [34] , for a review) that nonpathological aging is associated with considerable morphological brain changes. Widening of the ventricular and sulcal liquor spaces is clearly evident in elderly persons [2, 6, 8, 21, 22, 27] , and studies that directly measured brain volume have found age-related reductions in total and gray (but not white) matter volumes [8, 21, 30, 31] . This atrophy seems to occur particularly in the frontal and temporal lobes [8, 31] , and also in subcortical regions [20] .
With respect to cognitive functioning, especially speed of mental processing and the ability to learn and retrieve new information tend to decrease with advancing age [1, 23] . Because cognitive processes are dependent upon the integrity of the brain, it seems probable that changes in brain morphology (partly) account for these decreases in cognitive functioning. Studies examining patients with neurodegenerative disorders (e.g. Alzheimer's disease and Korsakoff's syndrome) have demonstrated that damage to specific brain structures is indeed related to deterioration of cognitive functions. In these studies memory impairment is often associated with atrophy of limbic structures (including hippocampus, parahippocampal gyrus [17] , thalamus [38] , or third ventricle [39] , and mamillary bodies [36] ), whereas global cognitive deficits such as slower mental processing is related to more general cerebral atrophy [33, 35] .
Despite a considerable number of patient studies, relatively few studies with healthy volunteers have examined the relation between age-related changes in brain structures and neuropsychological test performance. No clear associations have emerged, which might be caused by a lack of adequate image analysis methods. For instance, several studies have relied only on global atrophy measures such as ventricular dilatation [4, 22] , whereas others focused on specific brain regions but used qualitative rating scales to assess severity of atrophy [9, 12] . Only two studies have investigated the relation between regional brain atrophy and cognitive deterioration using quantitative (i.e. volumetric) analysis methods in a large sample [14, 32] . A relation was found between limbic structures and memory in subjects over 55 years of age.
In the present study a group of healthy subjects with a wide age-range was examined using both MRI and a number of neuropsychological tests. The aim of this research was twofold. First, we wanted to establish the range of nonpathological changes in brain regions known to be involved in memory across the adult age spectrum. Volumetry of the hippocampus, parahippocampal gyrus, mamillary bodies, third ventricle, and total brain matter was performed. Secondly, we investigated whether normal agerelated cognitive decline can be explained by volume changes. The general hypothesis was that volume reductions in limbic structures (hippocampus, parahippocampal gyrus and mamillary bodies; and dorsomedial thalamus as indexed by the third ventricle [19] ) are especially related to lower scores on memory tests, whereas decreases in total brain volume are related to slower performance on speed tasks. Furthermore, although advancing age is accompanied by decreases both in brain volumes and in test performance, it was expected that the volume-performance associations were only partially mediated by age.
Methods

Subjects
The study sample comprised 61 healthy and cognitively normal persons, aged 21 to 81 years (mean Ϯ SD ϭ 55.7 Ϯ 16.1). The group consisted of 35 men (mean Ϯ SD ϭ 53.5 Ϯ 2.7) and 26 women (mean Ϯ SD ϭ 58.6 Ϯ 3.1). Mean educational level, as measured on a five-point scale (1 ϭ primary school, 5 ϭ university degree), was 2.6 (SD ϭ 1.1). Subjects were rigorously screened and excluded if there was a history of cerebrovascular (e.g. stroke) or chronic neurological disease (e.g. dementia, epilepsy, head trauma), systemic disorders (e.g. diabetes mellitus), or major psychiatric illnesses using health questionnaires and interviews.
MRI acquisition and analysis
All subjects were imaged using a 1.5 T Gyroscan ACS-II MRI scanner (Philips, Best, The Netherlands). T1 weighted images were acquired in the coronal plane (perpendicular to the anterior commissure-posterior commissure line). A 3D gradient fast field echo (FFE) sequence was applied with TR ϭ 23 ms and TE ϭ 7 ms, and a flip angle of 30°. Slice thickness was 1.5 mm with no interslice gap. The image matrix was 256 ϫ 256 and the field of view 230 mm.
Intracranial volume (including the cerebellum) was automatically determined (in mm 3 ) on all slices using custom software developed at the Department of Medical Informatics of the Universiteit Maastricht, The Netherlands, running on a G3 MacIntosh workstation (Apple, Cupertino, CA, USA). This procedure generates a contour around all neural tissue, excluding the meninges and bone structures. All structures below the pons were manually excluded from the measurements. After that, using the program BrainImage (Kennedy Krieger Institute, Baltimore, MD, USA) the total brain volume was determined (in mm 3 ) with an automated segmentation algorithm [29] . This algorithm calculates the mean gray-level intensity of white matter, gray matter and liquor, and the cut-off value between liquor and gray matter was used to separate brain from non-brain.
The other brain volumes were determined using custom software developed at the Department of Clinical Physics and Informatics of the Vrije Universiteit Amsterdam, the Netherlands, running on a SUN workstation (SUN Microsystems, Mountain View, CA, USA). All brain structures were manually traced. In all cases, demarcation criteria (see below) were determined by consulting anatomical atlases [10, 28] . The criteria that were applied for measurement are described in detail elsewhere [39] . In short, the hippocampus was measured every other slice in both hemispheres (range of measurements: 8 -13) and included the hippocampus proper, dentate gyrus, alveus, and subiculum. Left and right surfaces were calculated separately as well as together. Measurements were started anteriorly on the first slice where the hippocampus and amygdala were clearly separated, and the last slice was the slice before the crura of the fornices became visible. The parahippocampal gyrus was measured every other slice in both hemispheres, on the same slices on which the hippocampus was measured. The upper boundary was formed by the hippocampus or transverse fissure, and the lateral boundary consisted of the collateral sulcus. Left and right surfaces were calculated separately as well as together. The mamillary bodies were seen on three or four slices, and were measured on each of those. The third ventricle was measured on each slice on which it appeared (range: 15-19) using a threshold pixel value. The anterior border was defined as the first slice where the optic chiasma was clearly connected to the diencephalon. The last slice was the slice before the posterior commissure became visible. Surfaces of the measurements were calculated automatically (in mm 2 ), and volumes were computed by multiplying the surfaces with the slice thickness, or twice the slice thickness in case of the hippocampus and parahippocampal gyrus. Fig. 1 shows a typical image with various brain regions outlined. Each brain structure was assigned to only one rater. Measurements were performed blind, i.e. raters were unaware of subject characteristics. To establish that measurements were sufficiently reliable, on ten scans all volumes of interest (VOIs) were remeasured after several weeks by the same investigator. The Pearson correlation coefficient between the first and second measurements was 0.91 for the hippocampus, 0.91 for the parahippocampal gyrus, 0.86 for the mamillary bodies, 0.98 for the third ventricle, 1.0 for the total brain matter, and 1.0 for the intracranial volume. These correlations indicate a high level of intrarater agreement for all measurements.
Neuropsychological assessment
Tests were aimed at measuring memory (Word Learning Test) on the one hand, and speed of mental processing (Memory Scanning Test, Stroop Color-Word Test) on the other.
Y In the Word Learning Test a list of 15 monosyllabic
words is auditorily presented to the subjects 5ϫ and after each trial they are asked to recall as many words as possible. The total score of all trials is taken as a measure for learning ability (WLT total). After a time interval of 20 to 30 min subjects are asked again to recall as many words as possible (WLT recall) [3] . Y The Memory Scanning Test is a paper and pencil cancellation test that consists of 12 rows of 12 letters and numbers, randomly interspersed with a target symbol or letter that subjects have to cross out. The cognitive load can be enhanced by increasing the number of targets that need to be memorized [3] . In the present study, two target sets were used: one with one target symbol (MST%) and one with three letters (MST3), and the time needed for completion was recorded. Y In the Stroop Color-Word Test a sheet is presented consisting of a 10 ϫ 10 matrix with colored patches and subjects have to name them as fast as possible (Stroop Card 1). Subsequently, a sheet is presented consisting of a 10 ϫ 10 matrix with color names printed in a different color of ink. Subjects have to name the color of ink as fast as possible, which requires the inhibition of reading the words themselves (Stroop Card 3) [16] . Time needed for completion was recorded.
Statistical analysis
To take intersubject variation in head size into account all VOIs were regressed on the intracranial volume. These adjusted volumes were then used for further analysis. Age was regressed on the adjusted brain volumes to investigate linear or higher order correlations. The contribution of a quadratic age component was examined by means of the R 2 change when age and age 2 were entered into the model successively (whereas correcting for collinearity between those variables, according to the method described in [11] ). To test whether the regional volume changes exceeded that of the total brain, total brain volume and age were entered successively into a model with regional brain volume as the dependent variable.
Furthermore, hierarchical regression models were created with the neuropsychological test results as dependent variables. Gender and educational level were treated as covariates and were entered in the first step. In one model, the adjusted VOIs were entered in the second step. In another model, the second entry consisted of age, or age ϩ age 2 (beneficial in the case of speed tests), whereas in the final step the adjusted brain volumes were entered.
Results
Relations between VOIs and age
Men had significantly larger intracranial volumes than women (1071 versus 957 cm 3 , P Ͻ 0.001). Because of this difference, and because brain structures and intracranial size are related [15] all VOIs were adjusted for intracranial volume. In none of the cases did either gender or education add significantly to the model, so these variables were not considered any further. Associations between the adjusted brain volumes and age were assessed in hierarchical regression analyses. A summary of the measurements and their relation with age is presented in Table 1 and in Fig. 2 .
A quadratic effect of age was found for the total brain volume (r ϭ Ϫ0.80, P Ͻ 0.001). A similar quadratic pattern was found for the total volume of the parahippocampal gyrus (r ϭ Ϫ0.54, P Ͻ 0.001). This volume reduction was significant for both the left (r ϭ Ϫ0.57, P Ͻ 0.001) and the right hemisphere (r ϭ Ϫ0.38, P Ͻ 0.01). A linear relation was found between volume of the hippocampus and age (total: r ϭ Ϫ0.35, left: r ϭ Ϫ0.35, right: r ϭ Ϫ0.30; P Ͻ 0.05). The third ventricle volume also increased linearly with age (r ϭ 0.61, P Ͻ 0.001). Finally, the volume of the mamillary bodies showed no age-related changes (r ϭ 0.17, ns.). In addition, it was investigated whether the regional volume changes were disproportional compared to the global atrophy. This was the case for none of the regions, which indicates that regional volume reductions were not greater than expected given the decrease in total brain volume. 
Relations between VOIs and neuropsychological test performance
To account for possible influence of gender and educational level on test performance, these variables were treated as covariates in all models. The relation between VOIs and cognitive functioning was examined in two models. In a model without accounting for the effects of age (Table 2) highly significant relations were found between all brain volumes (except mamillary bodies) and various tests of processing speed, all in the predicted direction (i.e. smaller brain volumes and larger ventricular volumes were related to poorer test scores). Volumes of the hippocampus and parahippocampal gyrus were related to performance on both subtasks of the Memory Scanning Test and Card 1 of the Stroop Test. Total brain and ventricular volumes were related to performance on both subtasks of the Memory Scanning Test and the Stroop Test. With respect to memory, a significant association was found between learning ability (WLT total) and volumes of total brain matter, parahip- (Tables  3 and 4) . As expected, after controlling for gender and education, age explained a large proportion of the variance, varying between 8% (P Ͻ 0.05) for the WLT recall and 66% (P Ͻ 0.001) for the MST% task. However, the regions of interest no longer significantly added to the explained variance after age was entered. Only in one case (i.e., total brain volume and MST3) did the model significantly improve after entering the region of interest (P Ͻ 0.05).
Discussion
The main hypothesis of the present study was that smaller brain volumes and larger ventricular volumes are related to reductions in neuropsychological test performance. Indeed, a relation was found between most regions of interest and various processing speed and memory tests. However, it was expected that this effect would still hold when controlling the effects of age, but this was not the case. Although higher age is clearly associated with larger ventricular volumes and smaller total brain regions and volumes of brain structures involved in memory processes, these volume variations do not seem predictive for neuropsychological test performance independent of age.
Normal brain aging
The present cross-sectional study demonstrates that normal aging is associated not only with losses in total brain volume, but also with local atrophy of brain regions important for memory. The total brain volume showed a quadratic relation with age, which is consistent with previous reports (e.g. [2, 6, 27] ). However, there is still debate as to whether normal aging is necessarily accompanied by atrophy of limbic memory structures. Volumes of hippocampus and parahippocampal gyrus were found to decline significantly with age. Several authors have reported similar age-related volume decreases in these regions [8, 9, 12, 18, 26, 31] . However, other authors have failed to find such a decline in medial temporal lobe volumes [24, 31, 37] . Linear increases with advancing age were found for the volume of the third ventricle (taken as an index for atrophy of the dorsomedial thalamus [19] ). This is consistent with previous reports (e.g. [2, 6, 27] ). In line with earlier findings [5] volumes of the Table 2 Results of hierarchical regression analysis. Sex and education were entered in the first step, followed by the brain volumes. Displayed is the proportion of explained variance (R 2 ) and the significance of the R 2 change after each step.
Step 1
Step * P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001 Table 3 Results of hierarchical regression analysis. Sex and education were entered in the first step, age (and age 2 ) in the second step, and finally the brain volumes. Displayed is the proportion of explained variance (R 2 ) and the significance of the R 2 change after each step.
Step 2
Step No gender or educational differences were found for any of the brain volumes, which is in line with other findings [6, 7] . Because of the marked age-related reduction in total brain volume, it was examined whether the regional volume decreases were disproportional compared to the global reductions. Other studies have reported that frontal and temporal association areas are particularly affected by advancing age [8, 20, 31] . In this study, none of the regional volume reductions were greater than expected given the decrease in total brain volume. This may indicate that volume decreases in limbic regions are not specific for the aging process and are simply part of more global age-related volume losses.
Relation between brain volumes and cognitive performance
In the present study the hypothesis was tested that agerelated declines in cognitive functioning are associated with changes in brain morphology. Based upon what is known from patient studies (e.g. [17, 33, 38, 39] ), it was expected that reductions in total brain volume would be related to a decline in performance on global cognitive tests measuring speed of mental processing, whereas atrophy of limbic structures (hippocampus, parahippocampal gyrus and mamillary bodies; and third ventricle as an index for the dorsomedial thalamus [19] ) would be specifically associated with a deterioration on memory tests. We found a somewhat different pattern. All volumes except that of the mamillary bodies showed a relation with tests measuring speed of processing. In addition, volumes of the parahippocampal gyrus and third ventricle were associated with learning ability. Total brain volume was related to both learning ability and delayed recall. All these relations were in the expected direction.
Not surprisingly, (see for instance [1, 23] ) increasing age was found to be strongly associated with poorer performance on all speed and memory variables. Therefore we separately investigated the relation between brain volumes and cognitive performance after partialling out the influence of age. After correcting for age the volumes no longer significantly added to the explained variance. In other words, when age-related variance in test performance was taken into account, total and limbic brain volumes were not predictive for cognitive performance. How can these findings be interpreted? First, a general remark is that inferences that can be drawn from crosssectional studies such as the present one are rather limited. For instance, age-related brain atrophy may slightly precede cognitive deterioration in time and therefore seem unrelated to it. Indeed, two recent studies showed that medial temporal lobe volume at baseline significantly predicted longitudinal change on memory tests [13, 40] . Only longitudinal research can clarify the issue of whether age-related losses in brain volumes necessarily lead to cognitive decline.
Second, the lack of volumetry-performance associations after accounting for age may be due to the broad age-range of the present sample. In two other studies with subjects aged 18 to 80 years no relation could be established between brain volumes and neuropsychological test results after controlling for the effects of age [22, 32] . However, in studies where only 55ϩ subjects were included a significant relation was found between limbic structures and memory test performance [13, 14, 32] . Perhaps in older subjects, in whom both cognitive decline and brain atrophy are more obvious, the relation between the two is also stronger. Therefore, in the present study post-hoc analyses were performed to examine whether volumetry-performance associations could be established in subjects over 55 years (n ϭ 35). Again, no significant relations were found when accounting for the effects of age.
A third explanation, related to the previous one, might be that cognitive functions are affected only by substantial volume losses, and that a threshold must be passed before atrophy leads to performance decline. For instance, in two studies by Golomb and coworkers [9, 12] healthy elderly subjects with visually rated hippocampal atrophy were found to perform significantly worse on memory tests than subjects without atrophy and this relation was unrelated to age. The subjects in the present study were included only when they were free of cognitive deficits and may therefore not be representative for the population as a whole. Perhaps the subjects of Golomb et al. performed less 'successfully' (but within normal range) and had more prominent brain atrophy than the ones in the present study.
Finally, a completely different explanation for our findings is that the age-related decreases in test performance are not related to volume decreases in limbic structures or the brain as a whole, but to atrophy of other areas not measured in this study, or a combination of several of these regions. For instance, a region that is frequently reported to show disproportional volume losses during the nonpathological aging process is the prefrontal cortex [8, 20, 31] . Several authors have even suggested that age-related cognitive deterioration is principally the consequence of alterations in prefrontal structure and function (e.g. [25, 41] ). Therefore, future research should try to explore also other than limbic brain areas involved in cognition, such as prefrontal regions, and when possible MR scanning should be repeated in the same individuals. Only then can firm conclusions be drawn about regional brain volume losses and their contribution to cognitive aging.
